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Abstract: The objective of this work is to investigate the
scale of the effect of spontaneous solution evaporation
during SVET (Scanning Vibrating Electrode Technique)
measurements and demonstrate how it biases the final
results. When SVET maps are continuously acquired for
more than several hours, the measured currents are
smaller than expected. This is attributed to solvent
(typically water) evaporation which leads to an increase in
solution conductivity over time. If this is not considered
when converting the measured potential differences into
the local current densities, the SVET results display
currents smaller than the true ones. Here, this effect is
studied with a platinum disk electrode as source of a
constant current and a model corroding system consisting
of the AA2024/CFRP galvanic couple. Corrective actions
are proposed to mitigate the problem, either in the
experimental set-up or as numerical correction.
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1 Introduction
The scanning vibrating electrode technique (SVET) is an
efficient tool to investigate localized corrosion occurring
on different metallic surfaces [1–10]. Recently, it has been
actively used for monitoring the activities in the defects of
self-healing coatings. SVET measurements are carried out
in aqueous electrolyte using a vibrating probe maintained
at a certain distance from the surface. Often, SVET
measurements last for 24 hours or longer [11–13]. The
microelectrode registers an alternating potential at the
vibration frequency that is proportional to the electric
field strength in the direction of vibration, which in turn is
proportional to the local current density flowing in the
point of measurement according to,
j ¼ k E (1)
where j is the local current density, k is the solution
conductivity and E is the electrical field in the point of
measurement.
There are a number of operation parameters and
factors that need to be taken into account when using this
technique in order to obtain accurate data and avoid
artifacts. Many studies have been performed to optimize
the SVET from both theoretical and experimental stand-
points [14–25]. The technique is assumed to not interfere
with the sample or with the corrosion process. However,
McMurray et al. highlighted the effect of large amplitude
probe vibrations on the electrochemical processes taking
place on the specimen surface, especially when oxygen
diffusion is the rate-determining step [17]. It was verified
that cathodic activity beneath the probe tends to increase
linearly with large vibration amplitudes leading to an
overestimation of the local cathodic currents. In a recent
work, this issue was revisited with a different probe and
cell geometry, similar to those used in this work. It was
concluded that under normal operating conditions the
vibration does not affect the measurement, contrarily to
the probe movement which can facilitate the transport of
dissolved oxygen to the surface, thus momentarily increas-
ing the cathodic activity [23].
The SVET results can also be affected by the change
of global or local electrolyte concentration during the
measurement. One of the origins of such change of the
concentration is uncompensated solvent evaporation in
continuous long-term experiments. The consequent incre-
ment of the electrolyte conductivity leads to current
values smaller than the true ones, if not taken into
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account when converting the measured potential differ-
ences into the local current densities.
This is critical for all applications, but especially for
numerical modelling when the actual experimental data
are compared with the simulated results. It is also crucial
in studies dealing with the self-healing properties of
coatings and corrosion inhibition. In both cases, efficient
systems are associated with the decrease of the ionic
currents in solution detected by SVET. However, it is
imperative that the decrease in SVET currents comes
only from the sample and not from an experimental
artifact introduced by the electrolyte evaporation during
the measurement. Some SVET apparatuses are relatively
immune to this problem because the electrochemical cells
have large compartments for the electrolyte solution
[4,17,19,21,26–27], but others, including the one em-
ployed in the present work, use small volumes, of the
order of a few milliliters.
Although this problematic is apparent, it is often
neglected and not given enough attention. For instance, in
most corrosion related studies involving SVET measure-
ments authors do not explain the precautions taken to
prevent or limit the evaporation of the test electrolyte
during long-term SVET measurements [5–7,11–13,20,28–
37].
In this work, the importance of solution evaporation
was evaluated with SVET measurements performed
during 24 hours on an AA2024/CFRP galvanic couple,
followed by a more detailed study with a platinum disk
driving a constant cathodic current.
2 Experimental
The SVET equipment used in this work was manufac-
tured by Applicable Electronics Inc. [38] and controlled
by the ASET program developed by Science Wares [39].
The measurements were performed using a Pt/Ir micro-
electrode with a tip in the form of a spherical platinum
deposit of 20 μm diameter. The microelectrode vibrated
at 117 Hz in the direction parallel to the surface and
70 Hz in the normal direction. The peak amplitude of
vibration was 5 μm. Two different model samples were
used to carry out the study. The first consisted of a
galvanic couple composed by 2024 aluminum alloy rod
(Alcoa, USA, nominal composition in wt.%: 4.55 Cu, 0.17
Fe, 1.49 Mg, 0.45 Mn, 0.10 Si, 0.02 Ti, 0.16 Zn, less than
0.01 Cr and Al balance) connected to aeronautical grade
carbon fiber reinforced plastic rod (65% Tenax HT 24 K
carbon fiber in an epoxy vinyl matrix) both in an epoxy
mount with the surface finished with SiC 1200 abrasive
paper Figure 1a. The map comprised 3800×1800 μm2 and
the number of points was 91×51. In each point, the probe
waited 0.05 second and measured for 0.05 seconds before
moving to the next point.
The second model sample was a platinum wire of
250 μm diameter (99.99%, Aldrich, 267171) vertically
embedded in epoxy resin to form a disk shape upon
grinding and connected to the current source of the SVET
equipment (Figures 2a) and b). With this sample, a
constant current of   60 nA was applied and maintained
during the entire experiment. The map comprised 51×51
points with a scan area of 400×400 μm2. The sampling
rules were increased to 0.2 seconds waiting and 0.2 sec-
onds measuring. In both cases, the distance to sample
surface was of 100�1 μm and the measurements were
performed with 0.05 M NaCl, near neutral pH aqueous
solution at room temperature (22�2 °C). The diameter of
the cell was 31.8 mm so that the surface area of the
electrolyte is at least 7.94 cm2 (not counting the distortion
caused by the meniscus). The volume of the electrolyte in
the cell was around 4 ml.
As a next step, two set-ups were proposed in an
attempt to maintain constant the solution volume in the
cell. One set-up was based on the principle of the
communicating vessels. The test cell was connected
through a pipe to 100 ml vessel containing the same
solution (0.05 M NaCl). This will allow for the electrolyte
volume in the cell to be balanced out during evaporation.
The other set-up relied on a continuous flow of
solution between the test cell and a flask containing
400 ml of the same solution. This was achieved using a
peristaltic pump where the flow rate was maintained at
10 ml/min. A scheme for both set-ups is provided further
in the paper.
3 Results and Discussion
3.1 The Impact of Solution Evaporation
To identify the impact of solution evaporation on the
SVET measurements, the corrosion of a model CFRP-
AA2024 galvanic couple was monitored every hour during
the first day of immersion in 0.05 M NaCl. A galvanic
couple with well separated anode and cathode was chosen
to simplify the detection of changes in the current
densities.
Optical images and SVET maps acquired after 1 hour
and 24 hours are represented in Figure 1b)–e). A clear
cathodic region corresponding to the CFRP is defined on
the right side of the current maps whereas the AA2024
(on the left side) is characterized by localized corrosion
with many anodic regions surrounded by small cathodic
activity. A noticeable decrease in current density is
observed from the first (1 h) to the last map (24 h), which
suggests a reduction in corrosion rate with time.
The evolution of the total cathodic and anodic
integrated current values (Figure 1g)) confirms this de-
crease of activity with time. Such an effect is expected in
the presence of corrosion inhibitors, but this is not the
case. Reasons for this decrease of current densities could
be a partial blocking of the anode by corrosion products,
providing some sort of protection to the AA2024, or a
depletion of the oxygen concentration during long-term
measurements. A more plausible explanation is the
evaporation of the test solution, leading to an increase of
the NaCl concentration. As a consequence, the solution
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conductivity gradually increases changing the original
calibration conditions that were set at the beginning of
the experiment. The result is a decrease of the current
calculated by equation (1) compared to the real value.
The last explanation was confirmed when the measure-
ment at 24 hours of immersion was repeated after renew-
ing the test solution (returning to the original calibration
conditions). As depicted in Figure 1f), the current den-
sities in the new map are very close to those in the map
measured after 1 hour of immersion, the same applied to
the integrated anodic and cathodic currents. This region is
highlighted in green in the graphs of Figure 1g).
3.2 Measurements with Platinum Disk as Current Source
A number of experiments was carried out with a platinum
disk driving a constant current to understand better the
origin of the effect. Figure 2 shows SVET maps obtained
above the platinum disk, after, respectively, 1 hour and
24 hours of immersion. As in Figure 1, the maps show a
decrease in current during the 24 hours period. Lines
passing through the middle of the platinum disk at
selected times of immersion and the maximum current in
each line are presented in Figure 2e) and f) giving a clear
illustration of the decrease in the measured current.
Without considering the evaporation effect, these results
are unexpected since the current at the source remained
constant. Thus, the hypothesis on the decrease of the
measured current on galvanic couple because of the
potential depletion of oxygen concentration can be
Fig. 1. a) Cell used for SVET measurements above a CFRP
connected to AA2024 sample b) optical micrograph of the
CFRP-AA2024 couple after 1 h of immersion, c) optical micro-
graph after 24 h of immersion, d) SVET maps (2D and 3D) of
current density measured 100 μm above the surface after 1 hour;
e) SVET maps measured after 24 hours ; f) SVET maps acquired
after renewing the solution, g) integrated cathodic and anodic
current values at different periods of time (1 h, 6 h, 12 h, 18 h and
24 h), and after renewing the solution.
Fig. 2. a) Cell used for SVET measurements above a polarized Pt
disk; b) 250 μm platinum disk as current source with vibrating
probe above it; c) SVET map of current density measured
100 μm above Pt disk (I=   60 nA) after 1 hour; d) SVET map
after 24 hours; e) Current density profiles obtained at selected
hours through the middle of the Pt disk; f) Evolution of the peak
current density vs. time of immersion.
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rejected. A partial blocking of the platinum surface by
fouling cannot explain the results as well since the power
source would force the cell potential to keep the selected
current constant. The evaporation of solution remains the
most probable reason. It causes the increase of the
conductivity and the decrease of the potential gradient
needed to drive the same current flow following the
Ohm’s law. The SVET relates the measured potential
differences with the local current densities using equa-
tion (1). For a constant current, where evaporation takes
place, the conductivity increases and the potential in
solution decreases proportionally. If both are taken into
consideration in equation (1), the real current stays the
same. However, the conductivity for the calibration is
defined at the beginning of the test and remains
unchanged. As a consequence, the resulting measured
current densities decrease in time, while the constant
current source remains the same.
In a corrosion study, the increase of conductivity
without correction leads to a wrong estimation of the
magnitudes of the current densities but does not change
their polarities or the distribution of anodes and cathodes.
It can lead to a false positive manifestation of a self-
healing process when measurements are done above the
active corroding defects in a coating. The decrease of
solution volume (by water evaporation) also bring addi-
tional problems like changes of the medium corrosivity,
pH, metal cation concentration and solubility of corrosion
products, each alone capable of modifying the kinetics of
the corrosion process.
3.3 Solution Evaporation Rate
In order to estimate the solution evaporation rate SVET
maps were measured periodically, starting with the probe
in air (out of solution), moving vertically and ending in a
position well inside the solution. The absolute values of
the measured currents do not matter in this case, but the
signal measured by SVET is considerably different inside
and outside the electrolyte, allowing the determination of
the solution level at each moment of measurement.
Figure 3 shows the maps obtained during a 24 hours
period, putting in evidence the evaporation rate. The
initial level of solution was 5 mm and decreased to 2 mm
after 24 hours, a 60% decrease. Obviously, the evapora-
tion rate strongly depends on parameters such as air and
electrolyte temperature, humidity, air velocity and gas/
liquid contact area [40,41]. The values obtained in this
paper are restricted to the conditions of local environment
where the experiments were performed. In fact, repeti-
tions in different days and parallel experiments in differ-
ent locations led to different evaporation rates with the
same exact electrochemical cells.
3.4 Correcting the Current Density by Updating the Bulk
Conductivity
The measurements above a platinum disk with an applied
current of   60 nA were repeated with the simultaneous
assessment of the solution layer thickness at the time of
each map acquisition. The layer thickness was measured
using the same method described above to determine the
evaporation rate. Figure 4a) shows the decrease of the
solution thickness measured during 29 hours, which allows
to calculate the volume of the solution, represented in the
same figure, and then estimate the increase in concen-
tration and instant conductivity both shown in Figure 4b).
The concentration at time t (Ct) is calculated knowing
the initial volume (V0) and concentration (C0), the volume
at time t (Vt) and using the relation (C0 V0=Ct Vt). The







where ĸ is the solution conductivity (Scm  1), F is the
Faraday constant (96495 Cmol  1), R is the ideal gas
constant (8.314 JK  1mol  1), T is the absolute temperature
(298 K for standard conditions), zi and Di are, respec-
tively, the charge and diffusion coefficients (cm2s  1) of the
species i in solution. The species considered were the
sodium ion (DNa+ =1.33×10
  5 cm2s  1) and the chloride
ion (DCl  =2.03×10
  5 cm2s  1) [43]. The ions OH  (aq) and
H+(aq) were not considered because the solution has a
(pH�6) and their bulk concentrations are below 10  6 M,
bringing no effect to the calculation. The concentration Ci
(molcm  3) was updated for each moment of measure-
ment. The conductivity values were used for correcting
the current densities measured in the maps obtained
during the 29 hours testing period using,
jtc ¼ jtm kt=k0 (3)
where jtc is the corrected current density at time t, kt is the
solution conductivity estimated for time t, jm is the
measured current density at time t and k0 is the
conductivity measured at the beginning of the tests.
Figure 5. shows the peak current density measured in
each map during the experiment. The measured peak
current densities represented in Figure 5 (in blue) are the
Fig. 3. SVET maps normal to the surface showing the decreasing
level of the test solution over time (the starting height of solution
was 5 mm, the lowest measured line was at 2 mm from the sample
surface). In the maps the red area is outside the solution (air) and
the green area is the electrolyte solution.
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ones obtained above a platinum disk with an applied
current of   60 nA whereas the corrected curve in Fig-
ure 5 (in red) results from the corrections applied to it,
using the conductivity values obtained earlier (Figure 4).
It is evident that while the total current at the
platinum disk was constant (  60 nA) the measured
current density was decreasing with the time of immer-
sion. The correction using equation (3) is able to bring in
the first hours, the current density back to the original
value although with time an overcompensation is ob-
served. This can be due to an inaccurate estimation of the
solution volume which was based just on the height of the
solution, not considering the meniscus formed around the
walls of the solution reservoir and also a possible change
of the diffusion constants as the concentration increases.
As the height and volume of the electrolyte decrease, the
contribution of the concave meniscus to the total volume
of the electrolyte increases. The jtc value of 61 μAcm
  2 at
29 hours could turn into the “true” value of 54 μAcm  2 if
the volume used for the correction was just 10% higher
(0.17 ml), easily accommodated in the meniscus.
Another factor to take into account is temperature.
The solution conductivity is very sensitive to changes in
temperature and an increase in 4 °C would suffice to bring
the corrected current at 29 hours to the “true” value. Such
a variation is too high to happen in laboratories with
controlled room temperature. Nevertheless, smaller
changes of all above parameters can align together to
create conditions for the discrepancy observed between
the true and the “corrected” values. The main conclusion
is that the post treatment is possible but needs the control
of a few parameters which makes it difficult to obtain a
truly complete and reliable correction. Moreover, the
evaporation profile is not universal. Different profiles
were obtained with the same cells, confirming the
importance of the local environment conditions.
3.5 Modified Cell to Prevent the Change in Concentration
Since the evaporation is a factor that may significantly
affect the accuracy of the results, it is better to prevent it
instead of making post-measurement corrections. A
simple process is to renew the solution at specific
intervals. However, this can wash away corrosion prod-
ucts, might change the surface condition and the forced
convection may alter the natural slow evolution of the
corrosion events.
Alternatively, water can be added dropwise until the
initial level of solution is regained. This procedure works
if carefully done but is not practical for overnight periods
or long absence of the experimenter. Another way is to
Fig. 4. Evolution during 29 hours of: a) measured thickness of solution layer and calculated solution volume in the SVET cell, b)
estimated NaCl concentration and corresponding conductivity as a results of water evaporation.
Fig. 5. Peak current density of maps measured during 24 hours at
the condition of spontaneous solution evaporation and the same
currents after correction with the conductivity calculated based
on the measured evaporation rate.
Full Paper
www.electroanalysis.wiley-vch.de © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA Electroanalysis 2019, 31, 2290–2298 2294
use larger cell compartments to increase the volume of
the test solution.
A small cell can have its solution volume incremented
by attaching a communicating vessel or setting-up a flow
system connected to a large reservoir of solution. The two
last methods have been tested and are sketched in
Figure 6. The first set-up is based on the principle of two
communicating vessels so that the volume of the solution
does not decrease significantly during time. The second
option relies on a continuous refreshing of the solution
using a peristaltic pump.
3.6 Comparison of Post-correction and Modified Cells
Figure 7 compares the approaches just described to
improve the results in Figure 2. Figure 7a1)–a3) is the
same as Figure 2c)–e). Figure 7b1)–b3) shows the same
data corrected using equation (3) and updated with the
recalculated conductivity in each time of measurement.
Figures 7c1)–c3) show the experiment repeated with a
communicating vessel set-up and Figures 7d1)–d3) show
the measurements with a recirculating flow system. All of
these procedures present improvements regarding the
initial experiments presented in Figure 2 but the best
results were obtained with the recirculating flow system,
employing a peristaltic pump.
3.7 Measurement of the AA2024-CFRP Model Corroding
System with the Continuous Flow Cell
The recirculating flow system, that minimizes the effect of
spontaneous evaporation of the solution, was used to
record once again the evolution of local current density of
the AA2024-CFRP galvanic couple. The results are
presented in Figure 8. Although a decrease of corrosion
activity is still observed, it is much smaller than that
observed in Figure 1d) and e).
Continuous circulation of corrosion medium signifi-
cantly decreases the effect of spontaneous solution
evaporation and decreases the chance for observing
artifacts such as false-positive self-healing.
At the end of this paper two final remarks must be
emphasized. The first is that evaporation is not always as
evident and dramatic as it was described here. In this
work very different evaporation rates were found in
different days and in different places within the same day.
The second is that not all SVET systems face this
problem, which is easily minimized by using large
compartments of the test solution. All in all, important is
to prevent unwanted and oblivious concentration changes
in SVET studies. Circulation of a large volume of
solution, by e.g. a peristaltic pump, allows minimizing the
effect of solution evaporation to non-detectable level. The
flow rate of even below 0.01 ml/min is sufficient to
maintain the concentration of the solution, while it is too
low to influence the corrosion process [44]. On the other
Fig. 6. Cell design to overcome the problem of evaporation: a) communicating vessels and b) a closed recirculating flow system using a
peristaltic pump.
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hand, even at the flow rate of as high as 1.5 ml/min, local
pH, in the Nernstian diffusion layer can be clearly
distinguished from the bulk values [45].
4 Conclusion
This work highlights the effect of spontaneous water
evaporation on local current densities measured by
SVET, which can be significant. Although this problem is
obvious, it is not given sufficient attention in everyday
experimenting. Increased concentration and conductivity
of the electrolyte distort the current magnitudes, espe-
cially in the experiments lasting for more than just a few
hours. Tests were conducted with a model galvanic couple
and an inert platinum wire electrode driving a constant
cathodic current.
In some experiments, in a period of 24 hours, a
decrease in solution volume of 50% was observed with a
decrease in current density measured by SVET of the
same order of magnitude. Such a decrease could be
erroneously attributed to (false-positive) self-healing
effect. The water evaporation rate leading to the decrease
in solution volume and SVET current is not universal and
depends on the local environment conditions.
Different ways to overcome this problem were dis-
cussed. The best approach relies on the use of a
Fig. 7. Current density measurements (initial and after 24 hours) over Pt disk injecting constant current of   60 nA. a) Results affected
by spontaneous evaporation without corrections (same as Figure 2 c)–d), shown here for direct comparison); b) Results presented in a)
corrected using equation (3); c) Measurements obtained using the communicating vessels; d) Results obtained using a recirculating flow
system with peristaltic pump. In a), b) and c), 1 is for maps, 2 is for current density profiles passing through the middle of te Pt disk and
3 is for the peak current density vs. time of immersion.
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recirculating flow system of the electrolyte, in the course
of the entire measurement.
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